Using the Mnemonic Similarity Task (MST), we have demonstrated an age-related impairment in lure discrimination, or the ability to recognize an item as distinct from one that was similar, but not identical to one viewed earlier. A growing body of evidence links these behavioral changes to age-related alterations in the hippocampus. In this study, we sought to evaluate a novel version of this task, utilizing scenes that might emphasize the role of the hippocampus in contextual and spatial processing. In addition, we investigated whether, by utilizing two stimulus classes (scenes and objects), we could also interrogate the roles of the PRC and PHC in aging. Thus, we evaluated differential contributions to these tasks by relating performance on objects versus scenes to volumes of the hippocampus and surrounding medial temporal lobe structures. We found that while there was an age-related impairment on lure discrimination performance for both objects and scenes, relationships to brain volumes and other measure of memory performance were stronger when using objects. In particular, lure discrimination performance for objects showed a positive relationship with the volume of the hippocampus, specifically the combined dentate gyrus (DG) and CA3 subfields, and the subiculum. We conclude that though using scenes was effective in detecting age-related lure discrimination impairments, it does not provide as strong a brain-behavior relationship as using objects.
Introduction
Age-related changes in memory have been characterized, in part, by a failure of pattern separation, or the ability to orthogonalize similar inputs into distinct, non-overlapping representations. Pattern separation is critical for the ability to rapidly store (and therefore later successfully retrieve) arbitrary associative information without inducing large amounts of interference across memories [1] [2] [3] [4] . Deficits in pattern separation (resulting from alterations of hippocampal circuitry) have been proposed to be a component of the increase in false recognition in older adults [5, 6] and the greater reliance on memory for the general features or gist of studied items and the concomitant loss of the specific details of those items in older adults [7, 8] . These examples demonstrate the failure of pattern separation processes in providing rich and distinct memory traces as we age.
In 2007, we designed the Mnemonic Similarity Task (MST) as a behavioral measure that could reflect successful or unsuccessful pattern separation [9] . The MST is akin to a traditional recognition memory task that augments the typical repeated items and novel foil items at test with lure items of varying degrees of similarity to previously studied items (aka, related lures). Using the MST, we have reported a linear decline in lure discrimination performance across the lifespan, identifying similar lure items as "similar" (mnemonic discrimination), with no corresponding decrease in recognition for identifying repeated items as "old" (traditional recognition memory) [10] -a pattern which has also been shown in studies comparing groups of younger and older adults [11] [12] [13] . Additionally, performance on these lure trials is substantially impaired in patients with overt hippocampal damage relative to healthy controls [14] and is sensitive to individual differences in memory ability within aging (e.g. healthy older adults categorized as impaired vs. unimpaired relative to young, as "super-agers" vs. typical agers, etc.) [10, 15] . In each of these cases, traditional recognition memory measures showed no reliable differences.
A growing number of studies and models propose that the hippocampus uses pattern separation and pattern completion mechanisms to be able to rapidly store and later retrieve arbitrary associative information [3, 4, 16] [3,4,16 for review]. While pattern separation involves the orthogonalization of overlapping representations into distinct memory traces, pattern completion refers to the process by which stored memory representations may be reactivated based on noisy or degraded cues (often thought of as driven by attractor dynamics). Evidence for the role of these hippocampal subfields in pattern separation and completion has been mounting in both animal and human studies. Rodent studies have demonstrated that lesions to the DG result in failures of pattern separation behavior [17, 18] and DG cells have been found to alter their firing in response to small changes in input that are insufficient to alter firing patterns elsewhere in the hippocampus [19, 20] . Similarly, in humans, BOLD fMRI activity consistent with pattern separation has been observed in the DG or combined DG/ CA3 subfields [21] [22] [23] [24] .
In animal models of aging, reduced input to the DG is coupled with a decrease in modulation by inhibitory neurons [25] resulting in a dysfunctional DG. The decreased interneuron activity in the DG may result in a failure of the DG to reduce the similarity of input patterns, leading to a decrease in pattern separation performance [26] . In addition, there is a reduction in the inhibition of the recurrent collaterals in CA3 (thought to be a primary mechanism for CA3 pattern completion), thereby strengthening their ability to drive CA3 activity relative to the DG and further reducing pattern separation performance [26] . Consistent with this hypothesis, we have reported a decrease in perforant path (the primary input to the dentate gyrus from entorhinal cortex) integrity in aging in humans [27] , which correlates with the age-related decrease in lure discrimination performance on the MST [28, 29] . Further, we have reported an increase in DG/CA3 activity during the MST in older adults [12] , consistent with the hypothesis that the aged CA3 demonstrates greater representational rigidity, requiring a greater change in the input before stimuli can be orthogonalized. This, in turn, results in decreased lure discrimination performance [28] . In fact, reduction of this hyperactivity in amnestic MCI using a low-dose antiepileptic has been associated with improved lure discrimination performance on the MST [30, 31] .
While there are clear alterations of the hippocampal circuit in aging, many other brain regions (including other MTL regions) also experience age-related changes. For example, rodent models of aging [32] have reported age-related deficits in object-recognition, particularly in stimulus sets that include a high level of perceptual similarity, that have been tied to alterations in the perirhinal cortex (PRC) (which may be involved in perception as well as memory). Both rodents and monkeys have demonstrated age-related impairments on object discrimination associated with PRC dysfunction [33] . In contrast, memory for spatial scenes have been associated with the parahippocampal cortex (PHC), which have also been associated with the retrosplenial cortex (RSC) and may operate in conjunction with the PHC for this capacity [34, 35] . Activity in the parahippocampal place area has been associated with scene or visual context processing [36] , shows age-related volume decline in humans, and may discriminate between healthy aging and early forms of dementia better than hippocampal volume [37] .
Thus, while the MST has been used to evaluate age-related alterations hippocampal involvement in pattern separation, here we investigated whether, by utilizing two stimulus classes (scenes and objects), we could also interrogate the roles of the PRC and PHC in aging. The most common version of the MST utilizes simple, everyday objects on a white background and has been a powerful tool for demonstrating decreases in pattern separation behavior in aging and MCI [10, 11, 13, 15, 38] . In addition, several variants of the MST or related tasks designed to test pattern separation performance have shown agerelated declines manipulating temporal [39] , emotional [40, 41] , verbal [42] , and spatial [43] [44] [45] dimensions of lure similarity. In this study, we developed a different manipulation: the use of rich, complex scenes in place of simple objects.
Scenes are visually complex and, in addition to the PHC, may heavily rely on the hippocampus, which may support high-resolution binding of different aspects of an event or image [46] . Scenes require the integration of multiple visual features, which is impaired in patients with hippocampal damage [47] . Further, hippocampal activity has been shown for complex discrimination of scenes [48] , with evidence for the orthogonalization of scenes in the dentate gyrus [49] . Thus, we investigated whether the MST-Scenes would be more sensitive to agerelated decline, with a greater relationship to hippocampal volume than MST-Objects.
We collected behavior from both the MST-Objects and MST-Scenes in both younger and older adults. Participants also completed a neuropsychological battery, evaluating performance on a variety of cognitive domains, as well as high-resolution structural MRI scans to measure volumes of medial temporal lobe (MTL) structures, including hippocampal subfields. We hypothesized that we would observe agerelated impairments in lure discrimination performance on both the MST-Objects and MST-Scenes versions, consistent with previous studies and the role of the dentate gyrus as a quasi-universal pattern separator [50] . Next, we predicted that we would find a relationship between lure discrimination performance on both tasks and dentate gyrus volume, consistent with a previous report using MST-Objects [38] . Further, we predicted a relationship between lure discrimination performance on MST-Objects and the volume of the PRC and on MST-Scenes and the volume of the PHC. Ultimately, we sought to determine whether these two versions of the MST capture different aspects of brain aging and reflect processing from distinct brain regions.
Materials and methods

Participants
26 younger (mean age = 27.8 years; range = 21-38 years; 12 males) and 28 older (mean age = 70.8 years; range = 59-84; 10 males) healthy, cognitively intact adults participated in the study. Participants were recruited through advertisements and word-of-mouth, and participated for $15 per hour of testing. Participants were screened for history of psychiatric and neurological disorders. All participants signed consent forms and the study was conducted in compliance with the Institutional Review Board of the University of California at Irvine.
Participants were tested to ensure normal performance on measures of general cognition: Mini Mental State Exam [51] ; memory: Rey Auditory Verbal Learning Test [52] and Rey-Osterrieth Complex Figure [53] ; executive functioning: Trails A and B [54] , Stroop [55] , and Letter Number Sequencing [56] ; and working memory: Digit Span [56] . The Mini Mental State Exam (MMSE) total score is the sum of all test questions (maximum score of 30). The Rey Auditory Verbal Learning Test has three components: the total score reflects the total number of recalled words for each of the 5 presentations of the same 15-word lists (maximum score of 60), the immediate recall score reflects the total number of words recalled immediate following the presentation of an interference list of novel words (maximum score of 15), and the delayed recall score reflects the total number of words recalled following a 15 min delay after the immediate list recall (maximum score of 15). The Rey-Osterrieth Complex Figure score has two components: Rey-O copy reflects the number of correct components copied from the figure when it is visibly present (maximum score of 38), and the Rey-O delay reflects the number of correct components drawn from memory after a 15-min delay when the figure is no longer present (maximum score of 38). We report that total time in seconds to complete Trails A and B. We utilized three measures from The Stroop Color-Word Test: Stroop Word reflects the total number of words (red, blue, or green) read aloud correctly in one minute; the Stroop Color reflects the number of colored XXXs where the color (red, blue, or green) was named correctly in one minute, and the Stroop Color-Word reflects the number of words read aloud correctly in one minute when the color of ink does not match the word (e.g. the word "red" in green ink). The Letter Number Sequencing score reflects the number of correct sequences of letters and numbers recalled immediately after hearing them (e.g. the correct response to "A-6-H-3" would be "A-H-3-6") (maximum score of 21). Similarly, the total Digit Span score reflects the number of correct digits recalled, both forward and backward versions (maximum score of 30).
Task design
All participants completed the MST-Objects and MST-Scenes task separately in their entirety, in that order. We have previously shown that repeated administration of the MST with different stimulus sets does not impact task performance, nor does knowledge of the test structure prior to encoding [13] . Based on the results of pilot testing, we extended the exposure duration to the scenes from the 2 s used for the MST-Objects task to 3 s for the MST-Scenes task for both the encoding and recognition tasks. In pilot testing, we found that the shorter exposure duration significantly impacted recognition for scenes, leading us to conclude that scenes required a longer exposure duration for adequate encoding. In addition, through pilot testing, we carefully culled a set of scene photographs that resulted in recognition rates that were comparable to those observed in the MST-Objects task. For both the objects and scenes, the lure items could vary along a variety of dimensions: size, angle, color, orientation, etc. While many of the scenes contained a central item (e.g. the bear in the river in Fig. 1B ), many of them did not (e.g. the plants in Fig. 1B ) and the lure items could include changes to a central item, peripheral items, or both. More examples of scene pairs are presented in Supplemental Fig. 1 . Therefore, participants were required to encode the entire scene and not simply an object within the scene in order to detect a lure from a target. Additionally, we made every effort to minimize similarity between the items within the objects and scenes sets to reduce interference (i.e. we did not include multiple images of telephones or river scenes, etc.).
For both the Objects and Scenes versions of the MST ( Fig. 1) , we presented participants with a series of 192 color photographs. Participants were evenly distributed across MST-Objects Sets G and H (publicly available here: http://faculty.sites.uci.edu/starklab/mnemonicsimilarity-task-mst/). In the first phase, participants engaged in an incidental encoding task consisting of an indoor/outdoor judgment for each object or a natural/man-made judgment for each scene (based on their opinion with no right or wrong answer) via a button press (128 items total, 2 s object presentation and 3 s scene presentation time, 0.5 s ISI). Immediately following the encoding task, participants were shown video instructions describing the test phase to ensure consistent delivery of the instructions. In the test phase, they engaged in a modified recognition memory test in which they identified each item as 'Old', "Similar", or "New" via button press (192 items total -64 repeated items, 64 lure items, and 64 foil items; 2.5s/3 s each, ≥0.5 s ISI). The image disappeared from the screen after 2.5 s (or 3 s in the case of scenes), replaced by a white screen until participants responded. Onethird of the images in the test phase were exact repetitions of images presented in the encoding phase (targets or repeats); one-third of the images were new images not previously seen (foils); and one-third of the images were similar to the those seen during the encoding phase, but not identical (lures). These trial types were randomly intermixed during the test.
As in our prior work [10, 13] , the Lure Discrimination Index (LDI) was calculated as the difference between the rate of "Similar" responses given to the lure items minus "Similar" responses given to the foils (to correct for any response biases). Recognition (REC) for repeat items was calculated as the difference between the rate of "Old" responses given to repeat items minus "Old" responses given to foils (aka "corrected recognition memory scores"). These scores correct for any response bias on a per-subject basis. In addition, the LDI and REC scores for MSTObjects were linearly transformed (using a z-score based conversion from independent participants available via a tool posted at: http:// faculty.sites.uci.edu/starklab/mnemonic-similarity-task-mst/) to match the lure similarity of Sets C and D. In this way, we could view the MSTObjects results on the same scale as those that have been published previously [10, 13] .
Brain volumes
25 younger and 26 older adults also participated in structural MRI scans, collected on a 3.0 T Philips scanner. Standard-resolution MRI images were acquired using a T1-weighted magnetization-prepared rapid acquisition with gradient echo (MP-RAGE) sequence with the following parameters: TE = 4.54 ms, flip angle = 18°, slices = 200, voxel size = 0.75 mm isotropic, and a field of view = 240 × 240 × 150 mm. High-resolution structural MRI images of the MTL were acquired using a T2-weighted sequence with the following parameters: TE = 80 ms, flip angle = 90°, slices = 54, slice thickness = 3 mm, matrix size = 384 × 384, voxel size = 0.469 × 0.469 × 2 mm, and an in-plane field of view = 108 × 180 mm. High resolution structural images were aligned as oblique coronals perpendicular to the long axis of the hippocampus and positioned to cover the entire structure.
Anatomical regions of interest (ROIs) for the hippocampus (including the hippocampal subfields), entorhinal cortex (ERC), perirhinal cortex (PRC), and parahippocampal cortex (PHC) were manually segmented on 19 young adult brains (not part of this dataset) to create a multi-atlas model. PRC and ERC were labeled according to landmarks described by Insausti et al. [61] , and PHC was defined as the portion of the parahippocampal gyrus caudal to the PRC and rostral to the splenium of the corpus callosum as in our previous research [57, 58] . The hippocampal subfields were manually segmented using a slight modification to our prior work [59] . Based on the limitations of 3T structural scans and incomplete protocols for reliable, more specific segmentation, we chose to segment the hippocampus into only three segments: CA1, a combined dentate gyrus and CA3 (DG/CA3), and the subiculum. Initial results from the Hippocampal Subfields Group [60, 61] demonstrated clear variance in the CA1/subiculum boundary and we revised our protocol to move this boundary more laterally as a result (sample slices from our segmentation can be found in Supplemental Fig. 2 ).
To calculate MTL volumes for individuals in the current study, we created a multi-atlas model using ASHS [62] and the aforementioned 19 independent hand-segmented brains (both the MP-RAGE and highresolution T2 images). Briefly, ASHS performs a non-linear registration between a new participant's structural scan and each of the scans in the multi-subject atlas using ANTS [63] . A voting procedure is then enacted to determine an initial segmentation based on the degree of Fig. 1 . Participants encoded a series of pictures (AObjects; B -Scenes), followed by a surprise recognition test, which contained exact repetitions (identical to those in the encoding task; outlined in green), novel foils (completely new items; outlined in red), and similar lures (related, but not identical, to those in the encoding task; outlined in blue). Color outlines are for illustration purposes only and were not presented during the actual task administration. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) deformation needed to warp the new participant onto each atlas (less deformation needed implies a higher degree of match and therefore a greater weight of that individual atlas to the segmentation). Finally, an AdaBoost technique is used to detect and remove segmentation biases.
In addition, intracranial and cerebellar volumes were calculated by a Freesurfer [64] segmentation of the MP-RAGE based on a combination of white matter, gray matter, and cerebral spinal fluid. To adjust for head size and age, we calculated an adjusted volume for each structure, such that the adjusted Volume = raw volume − -b × (ICV − mean ICV), where b is the slope of the regression of an ROI volume on ICV [65] . We calculated the slope of the regression for each ROI and the mean ICV based on a larger lifespan dataset (n = ∼160, ages 20-89 years old). The adjusted volumes were calculated for the left and right ROIs separately.
Results
Neuropsychological tests
Mean score, standard deviation, and z-score compared to age-matched norms for each neuropsychological task are presented in Table 1 . We evaluated group differences using unpaired t-tests, corrected for multiple comparisons using the Holm-Sidak method with an alpha of p < 0.05. As expected, performance on all the neuropsychological measures, with the exceptions of the MMSE, Rey-O Copy, and Digit Span, showed age-related decline. However, all participants scored within 1.5 standard deviations of the mean of their age group.
Brain volumes
We evaluated group differences in adjusted volumes for the left and the right hemispheres using unpaired t-tests, corrected for multiple comparisons using the Holm-Sidak method with an alpha of p < 0.05. As can be seen in Table 2 , the adjusted volumes were reduced in the aging group for the right hippocampus, bilateral subiculum, right PRC, bilateral PHC, and bilateral cerebellum. There was a strong trend for reduced volumes in the right DG/CA3 and CA1 (after multiple-comparison corrections, both p's < 0.10). Thus, consistent with other studies, we find evidence for age-related decline in the volumes of several MTL regions.
Mnemonic similarity tasks
Response proportions for each stimulus and response type are presented in Table 3 for both MST-Objects and MST-Scenes. In MST-Objects, six young participants were removed from the analysis for using the incorrect response buttons and one was removed for an LDI rate outside two standard deviations from the mean, resulting in a total of 20 young participants. One older participant was removed from the MST-Objects analysis because he never used the similar response, failing to comply with task instructions (consistent with criteria used previously [13] ), resulting in 27 older participants. Likewise, three young participants were removed from the MST-Scenes analysis for using the incorrect response buttons, two were removed for having a recognition rates more than two standard deviations outside the mean, and one removed for having an LDI rate more than two standard deviations outside the mean, resulting in 21 young participants in MSTScenes. Three older participants were removed from MST-Scenes for using the incorrect response buttons and one was removed for having an LDI rate more than two standard deviations outside the mean, resulting in a total of 24 older participants in MST-Scenes.
First, we tested for a replication of our earlier findings in each task independently: namely, matched recognition performance in older and younger adults, with an age-related decrease in LDI performance. Therefore, LDI and REC scores for MST-Objects and MST-Scenes for younger and older adults were entered into two separate 2 × 2 ANOVAs, with factors of Age and Test Type (Fig. 2) . For MST-Objects, there was a main effect of Age (F(1,44) = 8. 
Correlation matrix
We were specifically interested in how the memory measures that showed age-related change interacted with each other and with the MTL volumes. Therefore, we entered the following variables of interest into a correlation matrix: RAVLT Delayed Recall, Rey-O Delayed Recall, Scenes LDI, Objects LDI, and adjusted-volumes for the average of the left and right hippocampus, ERC, PRC, PHC, and CA, DG/CA3, and subiculum. Given the goal of linking brain findings to behavior and to contain the number of comparisons, the matrix only included the four behavioral measures along one dimension (i.e., it does not correlate brain volumes in one region with another). Correlation coefficients and associated p-values are presented in Table 4 (with scatterplots presented in Supplemental Fig. 3A & B) . Consistent with our earlier work that showed a relationship between LDI and RAVLT Delay performance [10] , we found a positive relationship between Objects LDI and RAVLT Delay, as well as with Rey-O Delay. In contrast, the relationship with RAVLT Delay was notably absent with Scenes LDI, but there was a positive relationship with Rey-O Delay. While the RAVLT taps verbal memory, performance on the Rey-O relies visual memory and spatial relationships, similar to the visual memory demands of both MST tasks.
Next, we were interested in the relationships between MTL volumes and memory performance. We found that hippocampal volume was positively correlated with performance on Objects LDI, RAVLT Delay, and Rey-O delay, but not Scenes LDI. Breaking the hippocampus into its subfields, we found that the DG/CA3 and subiculum volumes were both positively related to Objects LDI, RAVLT Delay, and Rey-O delay performance (although the DG/CA3 and Objects LDI relationship was less reliable). We also found that the CA1 volume correlated with Rey-O Delay recall. Finally, like hippocampal volume, PHC volume correlated with better performance on Objects LDI, RAVLT Delay, and Rey-O delay, but not Scenes LDI.
We were specifically interested in relating these behavioral and brain measures in an effort to understand their relationship. However, our broad age range, coupled with the fact that both many of the behavioral measures and many of the regional volume measures show age-related decline leads to a clear potential for age being a confounding variable. Our brain-behavior relationships might be induced entirely by shared age-related variance. To address this issue, we performed a linear regression on this dataset, regressing the effect of age out of both the memory and the brain measures. We then calculated the same correlation matrix on the residuals and found highly similar results, maintaining the vast majority of the relationships between brain and behavior (Table 5) , particularly for the Objects LDI and Rey-O. In contrast, the previously observed relationship between Scenes LDI and the volume of the subiculum was greatly reduced. These data emphasize the strength of the relationship between Objects LDI performance and Rey-O Delayed recall and the volumes of the hippocampus and PHC and are suggestive of these relationships being driven by individual differences in neuroanatomy as well as age-related decline.
Discussion
The first goal of this study was confirmed by an age-related decline in both MST-Objects and MST-Scenes lure discrimination performance, consistent with previous studies using object [10, 11, 13, 15, 38] , temporal [45] , emotional [40, 41] , verbal [42] , and spatial [43] [44] [45] Fig. 2 . Recognition performance is matched in both the young and aging groups, while lure discrimination (LDI) is impaired in both the objects and scenes versions of the MST.
Table 4
Pearson R correlation coefficients and corresponding p-values for our variables of interest. Shaded cells highlight those relationships that pass (or approach) a statistical alpha threshold of 0.05. dimensions of lure similarity. Thus, age-related decline in the "detailed", "high-fidelity", or "high-resolution" memory believed to be supported by pattern separation in the hippocampus appears quite domain-general and not specific to any particular feature or domain. Further, lure discrimination performance on both versions were highly correlated with each other. In contrast with lure discrimination, recognition memory performance was remarkably similar across age groups and stimulus types. These findings reflects age-related changes in the hippocampal circuit that shifts the balance of processing away from pattern separation to a greater reliance on gist rather than specific details [34] . The MST, in its variety of incarnations, has proven to be a robust measure of age-related memory decline, as well as sensitive to memory decline associated with mild cognitive impairment [10, 66, 67] , depression [40, 41, [68] [69] [70] , schizophrenia [71, 72] , and sleep deprivation [76] .
Next, we evaluated the relationship between hippocampal volume and performance on the MST. We found a decrease in hippocampal volume in the aging group, with evidence for reduced volumes in each of the subfields: CA1, DG/CA3, and subiculum. We had hypothesized that in its role as a universal or "domain agnostic" pattern separator, we should find a relationship between the hippocampus (and the DG/CA3 specifically) in lure discrimination performance. Computational models propose that, by virtue of its unique anatomical properties and functional organization, the dentate gyrus (DG) subfield of the hippocampus is responsible for reducing the similarity of inputs associated via pattern separation [3, 16, [73] [74] [75] . In contrast, the CA3 subfield of the hippocampus receives strong projections from the DG, in addition to housing a strong recurrent collaterals, which may function as an auto-associative pattern completion network [16] [17] [18] [19] . The CA1 subfield of the hippocampus, in contrast, is often thought to compute a graded match/ mismatch between an experience and an expectation (roughly akin to a "degree of novelty") [76] [77] [78] . Here, we found some evidence for a positive relationship with the DG/CA3 for MST-Objects, but not for MST-Scenes, though both tasks were correlated with the volume of the subiculum. These data serve, in part, as a replication of Doxey & Kirwan [44] , who also found an age-related correlation between DG/CA3 volume and lure discrimination on MST-Objects.
In addition to the DG/CA3 volume, we found a relationship between subiculum volume and lure discrimination performance on MSTObjects and MST-Scenes, as well as RAVLT and Rey-O delayed recall. The subiculum receives projections from entorhinal and perirhinal cortex directly and sits at the end of the classic trisynaptic loop of ERC-DG-CA3-CA1-subiculum (as well as sending projections back to the DG). Thus, this region is involved in both the input and output from the hippocampus, possibly amplifying the output from the hippocampus proper [79] . We observed an age-related decline in subiculum volume, consistent with some findings in the literature [38, [80] [81] [82] , but no agerelated decline reported in others [83] . Much of this inconsistency may stem from differential segmentation methods (manual vs automatic), definitions of subfield boundaries, and longitudinal vs. cross-sample comparisons. In young adults, activity in the subiculum has been associated with encoding and retrieval of face-name associations [84] , is modulated by memory performance and confidence for both faces and scenes [85] , and in response to the incidental version of the MST-Objects task [21, 22] . In aging, subiculum volume has not previously been associated with various neuropsychological tasks [86] or with performance on a variation of MST-Objects in an independent sample [38] . However, we would like to note again that the same factors that influence the variation in age-related volumetric change apply here as well, namely different segmentation protocols and procedures, and behavioral tasks. Based on the computational models of pattern separation, we would not conclude from these data that the subiculum plays a strong role in this process. Yet, mounting evidence suggests that subiculum volume declines with age (as do the other hippocampal subfields). We suggest that its relationship to performance in this task may reflect an impairment in output of pattern separation processing occurring in the hippocampus. However, functional MRI reflecting local processing would be necessary to further evaluate a more direct contribution from this region.
We had predicted a positive relationship between lure discrimination performance on MST-Objects and the volume of the PRC and on MST-Scenes and the volume of the PHC. Both regions showed an agerelated decline in volume, consistent with other reports in the literature [37, 38] , but MST-Scenes did not have a relationship with any of the cortical MTL volumes. While we had expected to see a relationship with PRC due to documented age-related alterations in this region [33, 87] , none was observed. However, it is quite possible that these alterations of the PRC may not induce volumetric changes. Thus, we caution against any strong interpretation of this null result. Instead, we found a relationship with the volume of the PHC and MST-Objects, but no relationship with PRC. Activity in the PHC has been associated with scene or visual context processing [36] and navigation performance on a virtual water maze task [88] . Therefore, we were surprised at the lack of relationship between MST-Scenes and the volume of the PHC. However, as discussed below, discrimination performance on MSTScenes may have been susceptible to other strategies or cognitive processes that have mitigated its relationship with the PHC. Functional MRI reflecting local processing would be necessary to further evaluate the age-related role of PHC in discrimination performance for objects in this task.
Several studies have demonstrated that memory performance on the RAVLT is correlated with lure discrimination performance [10, 44, 45] . Here, we added the Rey-O as an independent memory measure as successful performance on the task requires the sort of high-fidelity or nearly veridical memory of the complex drawing that is the hallmark of the computational models of pattern separation in the hippocampus. Recall on both the RAVLT and the Rey-O was correlated with MSTObjects lure discrimination, though only the Rey-O recall was Table 5 Pearson R correlation coefficients and corresponding p-values for our variables of interest on the residuals after age was regressed out. Shaded cells highlight those relationships that pass (or approach) a statistical alpha threshold of 0.05. correlated with MST-Scenes lure discrimination. Given that the Rey-O emphasizes visual memory, the strength of this relationship is not surprising. In addition, we found that both RAVLT and Rey-O delayed recall was correlated with hippocampal volume (and its subfields) and PHC volume. These four measures of memory performance (MST-Objects LDI, MST-Scenes LDI, RAVLT delay, and Rey-O delay) appear strongly related and dependent on the hippocampus and surrounding MTL cortices, relationships that are largely maintained even when age is regressed out of the relationships (with the notable exception of MSTScenes LDI).
Despite the clear effect of age and correlations with other tasks, our results do not promote the utility of the MST-Scenes. This version of the task was not differentially sensitive to PHC volume and showed the weakest relationships to other brain and behavior measures. MSTScenes also faces challenges for participants not found in MST-Objects. The criteria for a "similar" response can be more challenging for participants to understand and matching performance required extending the encoding period for each image (therefore lengthening the task). Even so, scenes are much more complex than the objects, leading to many more possibilities for details that might change, and therefore many more bits of information that must be attended to even before one asks the question whether they are successfully encoded. If a clear function of the hippocampus is the "automatic encoding and initial storage of attended experience" [89] , increasing the number of features that must be attended to without any control over the amount of attention directed to the critical features can only lead to more variance in performance. Simply adding even more additional time for encoding might lead to attention being spread across the image more, but it might also allow for the development of cognitive strategies that may be counterproductive for attempts to measure hippocampal function. The possible shift in strategy may account for the difference in new responses to lures between MST-Objects and MST-Scenes. While older adults show reduced similar responses in both tasks, they show an increase in new responses in MST-Scenes (see Table 3 ). This pattern of responses does not follow from the simple prediction one would make if older adults' performance was driven by a shift towards gist processing. Whether such a shift exists for scenes or not, the observed difference does indicate some combination of a shift in their decision criteria for identifying a scene as new vs. similar and an effect of the complexity and sheer amount of information to encode in a limited time. Both of these raise potential concerns when using complex scenes as stimuli in the task.
The notion of negating cognitive strategies is an important one. When we developed the stimulus sets for MST-Objects, we deliberately allowed the lure items to vary across many different dimensions (e.g. color, orientation, size, added or missing parts, etc.). By allowing the lures to vary in different ways (yet keeping the same verbal label), we hoped to minimize strategies that might be brought to bear in remembering them that would simplify the task and remove much of the memory load. The only way to detect the lure is to have a relatively veridical memory of the original item as virtually any aspect of the item could have changed. By varying the ways that the object lures could vary, we tried to reduce the likelihood that strategies could alter performance on the task (e.g. if we only varied by color, participants could explicitly encode the color of each object, but ignore other details, such as orientation). Perhaps this is why the MST-Objects shows little if any effect of repeated testing [13] . In contrast, tasks like random word recall on the RAVLT can be solved using different strategies that are nonmemory related, but will boost memory performance (e.g. creating a story or mental image out of 3 or 4 items from the list).
There are several limitations to this study, such as small sample sizes. While we tested approximately 24 individuals in each group, typical for much of the literature on age-related changes in memory, data from studies of this size must be replicated to validate these findings. To ultimately address issues regarding the contributions of the PRC and PHC to age-related changes in aging, we need studies that measure activity in these regions more directly than correlations with volumes. Nevertheless, the data presented here indicates that the PHC is likely involved in the age-related decrease in lure discrimination here, which warrants further investigation.
Conclusions
We had set out to develop a new version of the MST that might tap into hippocampal function better than the standard objects version that has been utilized so productively in the field. Instead, we found little evidence to support a benefit to using scenes over objects in the MST. While both tasks resulted in an age-related decline in lure discrimination performance, relationships with hippocampal and MTL volumes were much stronger for MST-Objects. Likewise, Objects LDI showed a stronger relationship with standardized measures of memory (RAVLT and Rey-O delayed recall). Our data also suggests that the Rey-O may be a stronger measure of memory and possibly less prone to nonmemory strategy that would alter performance, though that is partly speculation on our part. In conclusion, these findings emphasize the utility of MST-Object lure discrimination in revealing age-related memory changes and the relationship to hippocampal circuit alterations.
